A digital oscilloscope setup for the measurement of a transistor's characteristics 
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The measure of the characteristics of a transistor is an important step in an introductory electron- 
ics course. We propose to use a digital oscilloscope with a USB connection to perform a measurement 
of the characteristic curves with no additional custom circuitry. The setup is presented alongside 
with code that allows the importation and analysis of the results with open-source software. 
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I. INTRODUCTION 

Experimental work in a physics curriculum needs a 
good understanding of physical theory and hopefully 
helps to achieve to understand the same physics. Mas- 
tery of technological tools that allow the control and mea- 
surement of physical phenomena play a key role in the 
experimental process. The tools range from the most 
simple (a voltmeter for instance) to specialized equip- 
ment. A common tool that is encountered in many labo- 
ratories is the oscilloscope, from the first year electricity 
lab to advanced research labs. While the oscilloscope 
allows a direct measurement of many quantities, a non- 
trivial task is the automated measurement of a transis- 
tor's characteristics ii Dedicated circuit have been devised 
however to make the process possible^r^ as well as com- 
mercial curve tracers. The measurement of character- 
istics is a basic experiment in introductory electronics 
courses and we will use it as an example, in association 
with a digital storage oscilloscope (DSO). Despite the 
commonness of DSOs, few articles in phy sics journal are 
dedicated to its use (see, e.g., Refs. PzHllI). 

We propose in this article a setup to analyze the data 
on a computer via inexpensive means : a USB stick and 
open-source software. The motivation behind this choice 
is two-fold : the cost is negligible once a suitable oscillo- 
scope is available in the lab and the software is available 
for all the students to perform the analysis on whichever 
computer they use. 



to use an open-source library that can be readily be in- 
stalled by the students at no cost. All the file operations, 
computations and plotting will be made with the help of 
Python and Matplotlibj^ii^ a plotting library. All the 
code necessary to perform the work presented in this ar- 
ticle is available in the supplementary material to this 
article, as well as the data files. We illustrate however 
the core commands issued to obtain the results in order 
to emphasize the simplicity offered by this solution : in 
a terminal, one needs to go to the directory in which 
the data files reside, then launch python and load the 
libraries with (the ">>>" represents the Python shell) : 

>>> from matplotlib .mlab import csv2rec 
>>> from pylab import * 
»> ionO 

the channels are loaded separately via the commands 

»> CHI = csv2rec('F0000CHl.CSV' ,skiprows=18, 

names=['A' ,'B','C','t','V']) 
»> CH2 = csv2rec('F0000CH2.CSV' ,skiprows=18, 

names=['A' ,'B','C','t','V']) 

where "0000" is changed according to the folded in which 
the data is saved. The procedure must be repeated for 
each set of measures (more sophisticated instructions are 
found in the supplementary material). 



III. MEASURE OF THE CHARACTERISTIC 
CURVES 
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II. THE SETUP 

We use a Tektronix TDS-IOOIB DSO, but any oscil- 
loscope with the ability to write files on a USB device 
should work, and a function generator. The setup is 
made via the "SAVE/RECALL" button. While we re- 
fer the reader to the manual for the setup, here is what 
we expect to find after a push on the "PRINT" key : a 
folder on the USB drive with one CSV file per channel, a 
setup file and a screenshot of the scope. The screenshot 
allows one to visually identify a measure. It is however 
necessary to take note of the folder name that appears on 
the screen and to associate it with a given experiment. 

Once a file is written to the USB device, one can read 
it on the computer. The CSV file can be used with com- 
mon spreadsheet programs for instance, but we propose 



The measure of the characteristic curves is made 
thanks to the circuit presented in Fig. [TJ Of the two 
voltage sources Vi and V2, one will be set to a constant 
DC value while the other one will be set to span a volt- 
age range, allowing to trace characteristics curves. In 
addition to the transistor and the DC and AC voltage 
sources, the material needed is comprised of one Ikfi re- 
sistor and one 100i7 (IW) resistor. The transistor under 
test is here a 2N2219A NPN transistor. 



A. The base-emitter characteristic 

The measurement of the base-emitter (BE) character- 
istic is based on the voltage across the BE junction of 
the transistor and on the current Ib flowing through the 



2 




for use of the voltage sources Vi and V2. 

FIG. 3: Base-Emitter characteristic. 




FIG. 2: Voltage as a function of time for both oscilloscope 
channels. The correspondence to the voltage indicated in fig- 
ure [T] are given in the legend. 



base. Ib is measured as the voltage drop across the re- 
sistance Rb divided by Rb as the oscilloscope cannot 
measure directly a current. We expect a typical current 
Ib that is of order 1mA and use a value of Rb = Ikfi. 

A 12V voltage source is provided (V2 is set to 12V) 
to polarize the collector-emitter junction and the voltage 
source Vi is a sawtooth signal of frequency i' = lOOHz 
and a voltage of OV to IV. A single period of the signal 
is sufficient to collect the complete characteristic, as it 
allows a sweep of Vbe from to about 0.75V. Ib varies 
between and 0.3 mA. 

Figure displays the result the result obtained as it is 
visible on the oscilloscope, i.e. the voltage as a function 
of time for both channels. The instructions (aside for 
aesthetical details) to obtain Fig. [5] are : 

»> plot (CHI. t, CHI. V) 
»> plot(CH2.t,CH2.V) 

We then plot the current Ib in function of Vb in Fig. |3l 
Ib is computed from the oscilloscope measure as ^^^^^^ . 
Assuming that channel 1 was plugged at the left of Rb 
and channel 2 at the base, we display the characteristic : 

»> RB=1000 

»> plot (CH2.V, (CHI. V-CH2.V)/RB) 



B. The collector-emitter characteristic 

We make use of the same circuit as above to mea- 
sure the collector-emitter characteristic with the differ- 
ence that we now need to set Vi to a suitable DC value 
and V2 to a sawtooth signal of frequency lOOHz in the 
range OV to 15.3V. A period of the signal is needed to 
collect the data for one line of the characteristic (i.e. one 
value of Ib) and the procedure is repeated for different 
values oi Ib- A voltmeter is used to measure the values 
of Vb and Ib as both oscilloscope channels are already 
occupied. 

The characteristic curve is Ic as a function of Vce- It 
is displayed in Fig. |4] making use of /c = (V2 — Vce)/Rc 
with the instructions : 



»> RC=100 

»> plot (CH2.V, (CHI. V-CH2.V)/RC) 

assuming that channel 1 is plugged at the top of Rc and 
channel 2 at the collector. It should be noted that, unlike 
other apparatus the curves in Fig. |4] are not loops but 
go in one direction only. 

The set of measure for different values of Ib is collected 
in Fig. m The \ow-Vce region displays a fast rise of the 
current (region of saturation) Iq followed by a plateau 
(active region). It is remarkable that the plateau be- 
comes shorter as the current in the plateau increases. It 
is easily understood by drawing the characteristic curve 
of a power supply whose voltage is of 15.3V and whose 
internal resistance is taken equal to Rc + Rv2 where Rv2 
is the internal resistance of the voltage supply V2. This 
characteristic curve defines the Vce-Ic relation in a po- 
larized setting for the transistor. 

The average value of Ic in the plateau is displayed as a 
function of Ib in Fig. [5] The linear behaviour illustrates 
the role of the transistor as a current amplifier. A linear 
fit gives a value of /3 = 164 for the gain in current. 



3 




FIG. 4: The Collector-Emitter characteristic curve. The dot- 
ted line corresponds to J^°^* = ^Itc^+R^^ ' short circuit 
current for a given voltage {Rv2 is the internal resistance of 
the voltage generator). 



FIG. 6: The common emitter circuit. Ri = 200kf2, R2 
40kr2, Rc ~ Re ~ Ikfi and all capacities are of 22fiF . 




FIG. 5: The collector current as a function of the base current. 
The slope of the line is found by linear regression and gives 
the gain /3 = 164. The base current is measured with a A- 
meter and the collector current is the value of the plateaus 
found in figure [J] 



IV. ILLUSTRATION WITH A COMMON 
EMITTER CIRCUIT 

We present the measure of the voltage gain of a com- 
mon emitter circuit. The common emitter circuit is 
displayed in Fig. [HI it is designed to operate at fre- 
quencies of about IkHz. The gain from this circuit is 
G — = —(3Rc/rjr where /3 is the current gain 

measured earlier, Rc is the collector resistance and 
is the equivalent resistance in the hybrid- tt BJT model 
(r^r = Pre in Ref. 1) r^^ is the inverse of the slope of 
the base-emitter characteristic and its order of magni- 
tude can be checked in Fig. [3l 

A sinusoidal input signal of lOmV of amplitude and 
IkHz of frequency is set on the function generator. The 
measure of Vin and Vout is displayed in Fig. [3 with 

»> plot (CHI. t, CHI. V) 
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FIG. 7: Measurement of Vin and Vout in the common emit- 
ter circuit of Fig. [G] Vin is magnified by 10. The negative 
character of the gain is well displayed. 



»> plot(CH2.t,CH2.V) 

Additionally, the DC measures at the pins of the transis- 
tor are : Vc = 10.86V, Vb = 1.738V and Ve = 1.114V. 
The polarization value for Vbe is thus 0.624V. The lo- 
cal slope of the curve /b(Vb_e) at the polarization point 
is equal to l/r^^. The peak-to-peak voltage is the maxi- 
mum value minus the minimum value of the signal. We 
compute the gain, up to the sign, via the instruction 

»> (CH2.V.max()-CH2.V.min())/ 

(CHl.V.maxO-CHl.V.minO) 

and find \G\ w 34.9 . Knowing the value of /3 and of 
Rc, we deduce a value of r^r ~ 4.7kf2. This is in nice 
agreement with the inverse of the slope found in Fig. [3] 
around Vbe = 0.624V . 

As a final remark on the common-emitter circuit : 
Fig. [7] displays a slight asymmetry that is caused by the 
limit of the linear approximation made in the modeling 
of the circuit. Indeed, the linear gain found between the 
input and output voltage supposes that iBiVBE) can be 
taken as a straight line. As soon as we deviate too much 
from the DC polarization, imperfections will occur. An 
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electronic course is a good introduction to the concept of 
modeling and to its limit, given its ability to check the 
theory and to see at which point it fails. 

V. DISCUSSION 

We have presented in this article a simple setup allow- 
ing to take digital measurements on a transistor, giving 
the example of the measure of the characteristic curves. 
This setup represents an improvement in simplicity as 
compared to customized circuits found in the literature 
or with respect to commercial characteristic tracers. The 
setup is of negligible cost, apart from the DSO, which is 
a quite common device nowadays. In addition, the use 
of open-source software allows the students to analyze 
data with no supplementary cost or to install the soft- 
ware freely in a computer lab. 

From the pedagogical point of view, the setup we pro- 
pose allows students to apprehend the physical working 
of a transistor with quantitative tools and observe them- 
selves the limitations of the theory. As mentioned in the 
introduction, the availability of a complete experimen- 



tal process and apparatus, from building the experiment 
to interpreting the data, via the measurement, can help 
tailoring students' perception of modeling versus exact 
theory. 

The speed with which characteristic curves are mea- 
sured and imported on the computer makes it possible to 
include this experiment in place of the usual step by step 
measurement in the introductory lab of electronics. The 
time spent in explaining the technicalities is compensated 
by the short time needed to trace a full curve in the press 
of a button. The generality of the setup, which allows to 
import easily "real-world" data onto the computer, will 
give it applications wherever an oscilloscope is useful but 
with a far more powerful analysis language. If desired 
by the teacher, the data can be re-used with stronger 
tools : the computation of the frequency-response can be 
measured, or FFT's can be performed on the computer. 

The author would like to acknowledge the helpful tech- 
nical support from P. Duhamel and M. Trivilini of the 
physics department, support from Profs P. Gaspard and 
P. Emplit and from Dr N. Goldman, and the enthusiasm 
of students along the years. 
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